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Conversion factors for U.S. customary
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()
1
~

"
+
=

T = (r° { - 459
1.602 19 X E -19
1.000 000 X £ -7
1.000 000 X £ -7
3.048 000 X E -1
1.255 818

3.785 412 X T -3
2.540 000 X E -2
1.000 000 X £ +9
1.000 900

4.183

4.448 222 X E +3
6.894 757 X E +3
1.000 000 X E +2
1.000 000 X E -6
2.540 000 X E -5
1.609 344 X E +3
2.83 952 X £ -2
4,448 222

1.129 848 X E -1
1.751 268 X E +2
4.788 026 X E -2
6.894 757

+.214 011 X E -2
1.601 846 X € +]
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*The decquerel (3q) is the 51 unit of radiocactivity; 1 8q = . event,s.

*2The Gray (Gy) 1s che SI unit of absorbed radiation.
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Section 1

OBJECTIVES

The objectives of this contract were the following:

Establish requirements for a nuclear thermal pulse simulator that
will meet the needs of the Federal Emergency Management Agency
(FEMA-formerly DCPA*) for the study of radiant ignition and blast/
fire interactions following a nuclear burst. The requirements should
take into account ideal criteria of performance as well as engineer-

ing, monetary, or other constraints likely to limit performance.

Investigate the "state of the art" for those technologies which
appear suitable for use in a thermal pulse simulation system of the

type required by FEMA, and choose one concept for development.

Construct and characterize a laboratory-scale prototype simulator

using the most promising thermal pulse simulation technique.

Develop plans for a large-scale nuclear thermal simulator for use by

FEMA which meets the requirements identified in Objective 1.

*Defense Civil Preparedness Agency
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Section 2

APPROACH

The following steps were taken by SAI in pursuing the contract objectives.

First, a literature search and review was carried out using SAl's technical
library, which included duplicates of all relevant material in the Defense
Nuclear Agency (DNA) library, and the technical libraries of the National
Bureau of Standards, the National Aeronautics and Space Administration, the
Atlantic Research Corporation, and Fairfax County, Virginia. Unpub'ished
materials from and verbal communications with those active in the field were
also used where appropriate. The literature review helped familiarize the
investigators with current research and engineering accomplishments in the
area of thermal pulse simulation. It also helped make clear some of the
requirements for proper simulation of the nuclear pulse and some of the
difficulties to be overcome in meeting these requirements. Emphasis was

placed on identifying state-of-the-art thermal puise simulation methods.

Second, discussions were held with a number of persons with an interest in
nuclear thermal simulation. These persons included S. Martin and R. Alger of
SRI International (SRI) who proposed "immediately" fitting a "small" thermal
pulse simulation device to the 30-inch shock tube operated for FEMA by “RI at
Camp Parks, California; D. Bensen of FEMA who established FEMA's interests
in detail; and T. Kennedy of DNA who advised us of a new DNA program aimed
at developing a large area irradiator using chemical means (i.e.. the aluminum-

liquid oxygen, Al-LOX, approach).

e
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Third, the information gathered in the literature review and discussions
was applied to the task of selecting the optimum type of thermal pulse
simulator for FEMA's needs. The relative merits of each of the possible
methods were compared and the carbon rod radiator was selected as being most

suitable.

Fourth, extensive experimentation was undertaken—{irst to verify feasi-
bility of the proposed method and then to fully characterize behavior of the
carbon rod radiant source (CARRS)—including its potential capabilities, its
engineering demands, and different possible configurations and operating condi-
tions. For this purpose a sub-scale experimental prototype was built which
evolved gradually through stages of increasing sophistication as the characteris-

tics of the system became more fully understood.

Fifth, a full-scale thermal pulse simulator meeting the previously evolved
requirements was designed using knowledge derived from work with the
experimental prototype. This proposed design was intended specifically for use
in the Camp Parks long duration shock/blast tube facility, and was submitted to
FEMA on I3 May 1980 as a proposal entitled "Fabrication and Testing of a
Carbon Rod Radiant Source for the Camp Parks FEMA Facility."” The technical

content of this proposal is included as Appendix A.

Appendix B is the bibliography used throughout the program. Note that
the research of high temperature (non-nuclear) processes was most intense and
broadly published in approximately the decade following 1960. This era
concluded with development of electrical carbon arc plasma jets for simulating
high enthalpy flows. Likewise the current propellant developments suppress the

radiative losses so the "old" literature still represents the state of knowledge.




Section 3

DISCUSSION OF RESEARCH ACCOMPLISHED

3.1 Literature Review

The literature review identified a variety of candidate sources of radiant

energy for use in a FEMA nuclear thermal simulator. Among the various

possibilities were the following:

1.

4.

Chemical Sources

--  particle seeded gas flames

--  metal powder "torches" or fiashbags
--  fuel-air explosions and deflagrations

--  pyrotechnic materials (e.g., flashpowders. flares)

Electrical Sources
--  steady state plasma devices (e.g., carbon arcs, plasma torches)
--  pulsed plasma devices (e.g., flashlamps)

--  resistively or inductively heated filaments

Solar Sources

-- solar furnaces

Hybrid Sources
-- electrical heating and ignition of solid oxidants
--  chemical or electrical heating of a solid bulk radiator

--  combinations of the above (e.g., solar furnace plus flashlamps)

Detailed examination of the literature yielded sufficient information to

allow adequate qualitative (and in some cases quantitative) comparison of the




characteristics of the different possible sources. A chart showing some of
these comparisons is given in Figure 1. The information contained in this chart,
combined with a set of preliminary FEMA source performance guidelines

(24 cal/cm? sec peak flux, 24 cal/cm2

total fluence, target area exceeding
2 mz) was used to select a few source alternatives for further studv. The
alternatives selected were (1) gaseous flames seeded with metal powder
oxidants or inert particulate radiators, (2) electrically heated radiating plasmas

or filaments, and (3) high radiance pyrotechnic devices such as thermite,

illumination "bombs", or white phosphorus illuminators.
3.2 Discussions

Discussions with R. Alger and S. Martin of SRI on 26 June 1979 focused
on their plans to investigate blast/fire interactions in radiantly ignited mater-
ials using the 30-inch shock tube operated by SRI at Camp Parks. Agreement
was reached on the desirability of immediately developing a pulsed thermal

source compatible with this facility.

A meeting on 22 August 1979, reviewing the nuclear thermal simulation
program sponsored by the DNA, revealed the imminent development by DNA of
a large-area irradiator using an aluminum-liquid oxygen (LOX) flame. Since the
DNA program was to be funded at a six-fold higher level than the FEMA
program {and have the large scale hardware as a deliverable), SAl recommended
a change in direction of the FEMA effort towards development of a source

intended specifically for use with the Camp Parks shock/blast tube.

Further discussions with D. Bensen of FEM Y, and with SRI, resulted in
the following revised set of design goals for an SAl produced prototype

irradiator:
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~-- target area of 30 cm x 90 cm

-= 60 w/em? (14 cal/em?

sec) peak flux at target

-- 125 3/em? (30 cal/cm?) fluence at target

-- correct pulse shape for | MT nuclear burst (i.e., peak flux at +0.8
sec, decay to 10% of peak flux at v5 sec)

-- no irduced air motion or debris

-- good repeatability

-- low cost, dependable, available technology

-- optimization for use with the Camp Parks shock/blast tube

The target chamber of the Camp Parks shock tube consists of a target
platform and a sliding cylindrical wall. The target area is 30 cm by 90 cm and
is positioned horizontally, approximately 7 cm below the center of the 76 cm
diameter sliding tube. The tube slides horizontally over the 90 cm dimension of
the target area immediately after the thermal pulse irradiates the surface so
that the shock tube dimensions and operation constrained the design of the

thermal source.

3.3 Selection of Radiant Source for Experimental Development

Using the revised requirements, which stressed backfitting compatibility
with the Camp Parks shock tube, SAIl selected the resistively-heated carbon
filament (rod) concept as being most appropriate for immediate development.
The chemical alternatives were judged to be unsuited for the confined area
surrounding the shock tube, and also appeared subject to such additional
problems as easily varying the pulse shape and causing disturbance of air motion
at the target surface. The flashlamp technique, which would have required

sophisticated and untested hardware, was also rejected.

L el



Niscussions with SRI and information in the literature indicated that
carbon resistance elements heated to near sublimation temperature (3800°K)
could be extremely efficient radiators and would have a high potential for
successfully igniting class A fuels. Carbon was chosen over other radiator
materials because (1) its emissivity is high (nearly 0.9 at high temperatures) and
hence possesses excellent radiant efficiency, (2) its melting* point is higher
than any other "safe" material so that radiant emission, proportional to the
fourth power of temperature, can be correspondingly high and an acceptable
color temperature can be achieved, (3) its electrical properties are well suited
to resistive heating, and (4) it is relatively inexpensive and available in a wide
variety of standard shapes and sizes. Examination of both Sandia and
McDonnell Douglas Astronautics Company graphite resistance heaters (repre-
senting state-of-the-art technology) helped back up this conviction, although
both facilities had only been operated at temperatures much lower than those
envisioned for the FEMA thermal source. An initial SAl proof-of-concept
experiment, using bared carbon welding rods as the resistive/radiating elements
and automobile batteries as the power supply, confirmed the feasibility of the

carbon radijator scheme.

3.4 Characterization of the Carbon Rod Radiant Source

In order to fully understand the operation of a carbon filament radiator,
an experimental model was built and tested at SAI's AtcLean, Virginia labora-
tory. Full characterization of the different components of the laboratory

prototype allowed us to later design a source that would be suitable for the

*Nelting is used in the context of the rod losing strength and sagging under its

weight until it breaks.
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Camp Parks shock tube. Testing and analysis covered the following aspects of
the source: (1) the electrical, thermal, optical, and mechanical characteristics
of the carbon filaments, (2) the power supply required for the source, (3) the
rod-holder/buss assembly and associated electrical connections and switches, (4)
cooling for the system, (5) system control and instrumentation, (6) collection
and direction of the radiatea flux, and (7) safety considerations in operating the
source. Experiments in these seven system areas were conducted during the
period between late August 1979 and April 1980. These efforts will now be

reviewed in detailed discussions.
3.4.1 Rods

A rod shape was chosen for the radiating carbon filament primarily
because of its ready availability in the form of carbon-arc welding rods.* The
shape is also suitable for the requirements of thermal pulse simulation. Two
types of rods were studied--standard carbon-arc welding rods, sold off-the-
shelf in welding supply stores, and high performance graphite rods (Union
POCO*) manufactured by Poco Graphite, Inc. of Decatur, Texas. The perform-
ance of both types of rod was found to be similar, and both had output
characteristics which were highly reproducible from run to run. The POCOQ rods
may have had a slightly but not significantly higher emissivity, and they also
tended to be slightly more stable over time. However, the standard welding
rods were about one-eighth the cost of the POCC and other simitar rods and are
much more readily procurable--factors which tend to outweigh any slight

advantage conveyed by the POCO rods in this application.

*The thin copper sheathing around the rods is easily peeled off to provide a
bare carbon rod.

+Product tradename.
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The rods' primary electrical characteristic is their resistance, vhich
determines the voltage and current requirements for the system. The resis-
tance is a function of the rod shape (cross-section), crystalline structure, and
temperature and was measured while varving each of these parameters. A

resistivity of 1.2 x 103 ohm-cm was typical at high operating temberatures.

The thermal properties of the rods include their maximum operable
temperature (the sublimation temperature), the relative heat losses from the
rod (radiation, convection, and conduction), the rate at which the rod tempera-

ture rises, and the rate at which the rods cool.

The melting point* of the carbon rods is below BSOOOK, the approximate
sublimation temperature. It vas found to be important to drive the rods up to
(but not over) their melting temperature s¢ that maximum radiant output could
be achieved. Since radiant power emitted (exitance) is propertional to the
fourth power of absolute temperature, small increases in temperature result in

farge gains in radiant emission.

The heat loss of the carbon rods was found to be primarily radiative, as
desired. Calculations and supporting measurements showed that the conductive
heat loss comprised about & percent of the total losses and convective heat loss
about | percent of the total. This means that 90 poercent of the power

entering the rods was dissipated as radiation.

The heating and cooling characteristics of the carbon rods are important

because they dictate the shape of the thermal pulse which can be produced.

*Nelting is used in the context of the rod losing strength and sapging under its

weight until it breaks.
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When power is applied tc the rod, its temperature begins to rise at a rate
depending on the thermal sink of the rod, the rod's radiating surface area (since
radiation is the primary heat-loss mechanism), and the applied power, The
temperature continues to rise until the rod either reaches a steady-state
temperature where the power lost by radiation, conduction, and convection
equals the power applied, or the rod melts, Measurements of the temperature
rise rate for different power inputs resulted in the curves shown in Figure 2, As
can be seen, a 300 mm long, 5 mm diameter rod takes about three seconds to
reach an equilibrium temperature just below its melting point when supplied
with 50 kw of electrical power. Since the peak of the radiant pulse from a
I A'T nuclear burst occurs at about 0.8 seconds, some type of flux shuttering
arrangement would be required (for use after the rod had reached maximum
temperature) in order to duplicate the rising edge of the nuclear pulse, if the

50 kw power level were to be used.

An alternative would be to supply the rod with 150 kw of power by using
a higher voltage. This would increase the rod's temperature rise rate so that
the rod would reach the melting point in C.8 seconds, elirinating the need for
shuttering. Note that power must be shut off just before the rod reaches its
melting temperature, otherwise the rod would melt and destroy itself (in
actuality, power would be shut off at 0.5 seconds because the surface
temperature of the rod, which is lower than that at the rocd center would
continue to rise for another 0.3 seconds, increasing radiant exitance as the rod
temperature gradient equilibrated). Faster rise rates at lower power levels
might be achieved using carbon filaments which have a surface area equal to

that of a rod but a much smaller thermal sink, e.g., hollow "rods", or thin

11
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strips/sheets. These would be more expensive and less widely available than

rods but might result in a large savings in peak power, and thus power supply.

The cooling of the rods is such that an appropriate pulse decay
simulation can be achieved simply by cutting power to the rods just before the
time of peak flux. Their natural radiative cooling has been shown (see Figures 3
and 4) to closely match the decay shape of the nuclear thermal pulse, which is

itself a radiative cooling phenomenon,

The optical properties of the carbon rod which are of primary impor-
tance are its emissivity and the spectral distribution of the emitted radiation.
Since the emissivity of carbon at high temperatures is so near unity, the
spectral distribution of a glowing rod with a given surface temperature closely
matches that of an ideal blackbody. At peak output, with the rod surface
temperature at about 3800°K, the spectral peak falls at a wavelength between
0.75 and 0.80 um, and 50% of the flux is emitted in the IR with a wavelength
greater than 1.07 um (Figure 5). If the rod's radiant output is pulsed by heating
and cooling (rather than shuttering) then the spectral distribution of its radiated
energy will vary with time as well. For example, at 50% of peak output, the
rod's surface temperature will be about BZOOOK, so that the spectral peak will
lie at about 0.9 um, and 50% of the flux will have a wavelength greater than
1.27 um. At 10% of peak output, corresponding to a surface temperature of
about 2150°K, the spectral peak will occur between 1.3 and 1.4 ym, with 50%
of the flux having a wavelength greater than 1.9 um. Therefore if shuttering is

not used, the target will be irradiated with a pulse of thermal energy that has a

spectral peak which decreases in wavelength as the rods get hotter. It should
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FIGURE &
l LOWw POWER PULSE PRODUCED WITH

DEVELOPXENTAL CARBON ROD RADIANT SOURCE
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be pointed out, however, that the radiation at all wavelengths increases with
rod temperature. Furthermore, a similar phenomenon cccurs in the nuclear

case as the nuclear fireball cools.

Variations of mechanical properties of the carbon rods were investigated
in SAP's experimental pulsed thermal source. New rods at room temperature
were found to be sufficiently stiff and resistant to breakage so that they could
be easily handled and installed in the thermal simulator. However, the high
temperatures to which the rods were driven caused distinct changes in their
mechanical properties. First, the thermal expansion of the rods, which was
about 6.5 mm (0.25 inch) for a 305 mm (12 inch) rod heated to 3800°K (the
thermal expansion coefficient is about 7x107% mm/mm-°C), tended to deform
or occasionally crack a rod which, for good electrical contact, was held
securely at both ends. To counter this effect and allow the rod to expand
without warping, a rod holder/buss assembly was constructed which had one end
that could slide freely in the rod's linear direction. Second, elevation of the rod
temperature to near the carbon melting point appeared to cause a change in the
crystal lattice which softened the rod when hot and left it brittle when it
returned to room temperature. Oxidation of the rod surface to form CO and
CO2 was also accelerated at high temperatures, though pulses lasting only a
few seconds did not result in significant mass loss. Third, the outgassing of
interstitial molecules in combination with surface oxidation induced a gradually
deepening surface porosity which added to the brittleness of the cooled rods.
Together these effects produced a gradual deterioration in rod performance
with each heating and cooling cycle. The rod's radiant output decreased
significantly after just one multi-second pulse and continued to decline in each

succeeding pulse until the rod finally broke when heated. For this reason we
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found it best to replace used rods with new ones after every shot in order to
maintain good reproducibility and thus predictability. Unreplaced rods tended
to fail (break) after 3-6 high power pulses, though they often failed on the first
subsequent (second) pulse if allowed to rise above their melting point by not
terminating power sooner than had been done for the first pulse. The POCO
rods tended to be somewhat more stable over long term operation than the
standard welding rods, but not enough to justify their added expense by

preventing frequent changing of the rods.

3.4.2 Power Supply

The power supply for a carbon rod thermal source must provide elec-
trical energy in repetitive, low-voltage, high-current, short-duration pulses.
Certain tvpes of storage batteries are intended specifically for this application;
for example, automobile and truck batteries, which are optimized for high-rate
discharge in cranking cold engines; certain types of nickel-cadmium batteries
and large, industrial-size lead-acid cells are all suitable, Of these, the standard
12 volt autornobile battery can be obtained at a far lower cost per kilowatt than
any other tvpe of battery. Other possible sources of power for a pulsed carbon
rod simulator are diesel (welding) generators, a NC power supply tapping a high
voltage AC transmission line (those used in the electroplating industry appear
to have the right specifications), and homopolar-type (flvwheel) generators.
The AC rectification to DC was eliminated due to the very [imited peak power
available at Camp Parks. The one homopolar power source available for
(remote) commercial use (welding) slightly exceeds the total power requirement
and it was much too expensive for application to the prototype. Batteries were
chosen for initial experimentation because of their low cost and ready availa-

bility. However, the other sources, although more expensive than batteries (at
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least in the short run), should be further investigated because they confer

advantages in terms of safety and simplicity of operation.

Two similar types of batteries were tested in the experimental carbon
rod source--12 volt lead-acid automobile batteries and slightly larger 12 volt
diesel truck batteries. The most important property of these batteries is their
internal resistance which, along with their voltage, determines the maximum
power output of the battery. The maximum power available 1o drive an
external load is given by the formula PExt:\’oz/uRI, where V' is the battery's
open circuit voltage and RI is the internal resistance. The internal resistance
of a typical automobile battery was found to be about 6.2x10'3 ohm and that of
a diesel truck battery about 3.8x1072 ohm (see Figure 6), corresponding to
maximum power outputs of 5.8 kw and 9.5 kw, respectively. Thus the truck
batteries can supply 64% more power than the automobile batteries at
maximum output. However, the cost per kilowatt of the truck batteries is
approximately 2.5 times that of the automobile batteries--about S$18/kw
compared to $7/kw--so that using a larger number of the smaller batteries is
actually more economical.* Large industrial size lead-acid batteries, which
have even lower resistances and correspondingly higher power outputs than the
truck batteries, turn out to have more than proportionately higher costs.
Nickel-cadmium batteries, with the lowest resistances of all, are about 50 to
100 times more expensive than automobile batteries for an equivalent power
output. The higher energy storage capacity of the larger, low resistance

batteries was found to be unnecessary for the pulsed type of operation

*In quantities over 100, the truck battery reduces to $10/kw but the automobile

battery is unchanged, for a factor of only 1.5 times.




FIGURE 6.
INTERNAL RESISTANCE OF DIESEL TRUCK BATTERY

12 5

8 4 ohm

Voltage (volts)
N
1

T T ! I | ! |
0 200 400 600 800 1000 1200 1400

Current (A)

20

—




envisioned for the carbon rod source, since the automobile batteries hold
sufficient energy to power as many shots as could reasonably be expected in one

day of testing, after which they can be recharged overnight.

Once the resistances in the system (batteries, carbon rods, connectors/
cables and switches/contacts) and the desired power-per-rod were known, it was
possible to calculate the optimum configuration of rods and batteries for a
single circuit. The best configuration is the combination of rods and batteries,
each arranged in series or in paralle]l, which requires the fewest number of
batteries to provide the desired power to each rod (most kilowatts per battery),
while maintaining a comfortable power load for the cabling and switching
apparatus. Note that the optimum configuration (maximum power output per
battery) occurs when the combined external resistance (the rod(s) plus cabling
plus switches) equals the net internal resistance of the battery bank. A sample
calculation for a carbon rod module proposed for the full-scale Camp Parks
thermal simulator system is shown in Figures 7a and 7b. Note that only one rod
is used in this particular circuit: the addition of more rods, at 150 kw per rod,
would overload the current and/or voltage handling capabilities of the proposed
switching relays ..nd cabling. If, however, the required power per rod were only
50 kw (for example, if the rods were to be operated in the steady state mode
with a shutter), then three rods in parallel could be placed in a circuit with
about the same number of batteries, thus reducing the total number of batteries
needed as well as the amount of cabling and the number of heavy duty switching
relays. For this reason, the steady-state temperature/mechanical shuttering
option for shaping the thermal pulse will be investigated further, along with the
previously mentioned possibility of using low mass-to-surface area filaments
(e.g., carbon tubes or strips; e.g., perimeter/area is 4/d for rods and 2 (w+t)/wt

for strips).
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A consequence of running the batteries under high rate discharge/maxi-
mum load conditions is that a large amount of power (equal to the external
load) is dissipated within the batteries themselves. For this reason experiments
were performed to determine the temperature rise of the batteries during
discharge, since high temperatures could adversely affect battery life as well as
create a hazard. For long pulses (up to 20 seconds) the battery electrolyte was
found to rise only a few degrees C. over ambient temperature; however, the
lead strips which connected the individual cells of the batteries (6 cells per
battery) were observed to grow dangerously hot (lead melts at 327°C). For
short discharge pulses (under 2 seconds) intended to simulate the nuclear pulse
shape, the heating of both electrolyte and lead connectors was found to be
minimal. Thus, if operation in a steady state mode is desired (in a shuttered
system, for example) the battery temperature should be carefully monitored.
and an increase in the number of batteries, to reduce power output to less than
the maximum discharge rate, may be advised. Increasing the size of the lead
bridges would help, but such a custom modification could significantly raise the

price of the batteries.

One other aspect of battery operation which was addressed in our
research was recharging of the batteries. Batteries should not be allowed to
discharge below 25% of their rated capacity or serious shortening of their
lifetime can occur. Assuming an initially fully charged battery bank, a 25%
discharge should allow about 10-20 nuclear shaped power pulses (or more than a
typical day's operation) between charges. Recharging at low current (a few
amperes per battery), which would help prolong battery life and would be safer

than fast, high-current charging, could then take place overnight.
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The use of special catalytic hattery cell caps in place of the standard
caps is also recommended. These caps help minimize explosion hazard due to
hydrogen gas by recombining the hydrogen and oxygen gasses which form during
charging into water. They also help prevent acid spills and corrosion, and

minimize the concentrations of sulfuric acid fumes which vent into the air.

3.4.3 Electrical Connections

The electrical connections serve to safely deliver power from the
batteries to the carbon rods. In the prototype carbon rod source these
connections consisted of three parts: the cabling which linked the batteries to
the rod holder/buss assembly, the switching mechanism which closed and opened
the circuit {described under Control and Instrumentation), and the buss assem-

bly which made contact directly with the rods.

The cable used for connections was extra heavy duty stranded, insulated
copper cable (0.5 Mw continuous duty rating), purchased from a railroad supply
company. The cable had a low resistance (9x10-6 ohm/m) to minimize power
loss at high current, and good power dissipation to prevent heating from that
power which was expended in the cable. It was also flexible to permit easv
handling. Battery connections were made via transition to a short length of
thinner gauge, stiff copper cable that was soldered into heavy duty battery

terminal lugs.

The rod holder/buss assembly was designed for efficient coupling of
1000-2000 amperes to the two ends of a 5 mm diameter carbon rod. In addition
to low resistance and good electrical contact with the rods, the buss assembly
was required to withstand nearby temperatures of up to 3800°K and to slide

freely in the rods' linear direction to prevent rod warpage or breakage due to
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thermal expansion. It was also designed with a quick release feature so that

rods could be easily inserted and removed from the apparatus for each shot.

The rod holder/buss assembly for each end was composed of two water-
cooled 1.25 cm (one-half inch) diameter copper pipes between which one end of
each carbon rod was perpendicularly clamped (see Figure 8). The two pipes
were held together (with carbon rod(s) in between) by stiff springs, but the pipes
could easily be forced apart by hand gripping near the spring for insertion and
removal of rods. The "inner" surfaces of the two pipes were notched where
they contacted the rod end so that the rod would be held firmly in one place and
so that the electrical contact could be spread over a larger area. A
modification of this design has been proposed for the full-scale Camp Parks

facility.

A cooling water flow rate of about 0.13 liters per second (2 gallons per
minute) of room temperature water through the copper pipes (1 gpm per pipe)
was found sufficient to keep the copper from melting during steady state runs
of 30 second duration. Higher temperature (higher power) pulses in which rods
would fail after a few seconds occasionally resulted in localized melting of the
copper pipe. A higher cooling water flow rate (unavailable in the prototype
mode]) would allow a safety margin to prevent this kind of mishap. We noticed,
in addition, that keeping the copper pipes clean and free of the carbon soot
deposited during each run in the region of rod contact helped keep the copper
cool, since the high absorptivity soot tended to absorb large amounts of energy

radiated from the glowing rods.
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3.4.4 Control and Instrumentation

Control and data acquisition tasks were handled in our experimental unit
by a Hewlett-Packard Svstem &5 minicomputer.* These tasks included switch-
ing on and off multiple solenoids which controlled current to the rods, recording
and processing real time data from diagnostic instruments, and (post-test)
generating graphs and other permanent records of the data collected. The
various actions were regulated through an interactive program which allowed
the experiinenter to specify appropriate test parameters and to collect, store,
retrieve, or manipulate specific data. Experience has shown that despite the
time required for the programming and debugging of an automated svstem, the
benafits of successful computer control and data acquisition are so great as to
make such an approach virtually essential to successful simulator operation.
However, the HP System 45 was limited in some respects, particularlv in the
time precisior of its sampling and contro! functions, and soine effort should be
spent in the selection of a more suitable minicomputer or microprocessor for
future use. Specifically, it would be desirable to find a machine with at least
109 msec precision in its analogue output controtler (for precise thermal pulse
shaping) and a similar 120 msec or less simultaneous sampling rate for up to 24
channels of input data. Other important characteristics (already available in
the System 45) are video and hardcopy output of test data and graphics,
magnetic storage (floppy disk or cassette tape), about 32K bytes of RAM

memory, and BASIC or FORTRAN programming capability.

*Government furnished equipment for another SAI effort.

28




A variety of time dependent data was collected by the co:nputer during
testing of the thermal source. Included were the voltage output of one or more
Hy-Cal radiant flux calorimeters (measuring irradiance at a given point), the
voltage drop across the rods, the voltage drop across a high-amperage water-
cocled shunt (measuring current through the rods), the output voltage of the
batteries, and the voltage outout of thermocouples measuring water ond
electrical contact temperatures at critical points in the appara.us. The
computer was programmed to automatically process these raw voltages, using
previously stored calibration curves, into useful data such as irradiance in
w/cmz, current in amperes, and temperature in degrees Celsiusi and to
calculate additional information such as fluence on the 1target in J/cmz.
electrical power dissipated by the rods (kw), and rod resistance (ohins). Once
processed, these data were then printed out either in table form or graphically
as a function of time (see examples in Figures 9, 10a, 10b, and 19¢) or stored on

tape for future reference.

Contro] functions exercised by the computer in the prototvpe source
were limited to switching power to the rods on and off for durations pro-
grammed to match the